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AERO-THERMODYNANICS

SC-RR-64-979

THE HYPERSONIC PLASMA CONVERTER: 1

K. J. Touryan, 7421-1
Sandia Laboratory, Albuquerqgue

November 1964

ABSTRACT

As a continuation to PPart 1 of the hypersonie plasma generator known

a5 ASE (Acrodynamic Supply of Power), experimental analyses have
been extended toinvestigate tn detail the various parameter s that govern
the operation of the generator, A\ final feasibility study was made, and
possible modifications to the theory are outhined.  Test runs in the
Sandia Corporation arc jet with air as the working fluid at 12,000 BTU/Ib
have generated 8 nmp/m2 short circuit currents and 2. 3 volts open cir-
cutt voltage, Under favorable conditions, full-size re-entry vehicles in
the altitude range of 200, 000 to 80, 000 feet are expected to yield several
kilowatts of power.

Published as SC-4960(RR), date January 1964,
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emitter area
collector area
g
aRl, /(o V)
diffusion coefficient
emf or electric field (volts)

) -19
electronic charge 1, £0207 x 10 coulombs
Planck's constant
current (amperes)

I/Ith

Isc/lth {short circuit current)
. .2

current density, amps/in

g -16
Boltzmann constant 1, 3709 x 10 erg/deg
characteristic length
electronic and ionic mass, respectively
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electron temperature
emitter surface temperature
collector surface temperature
velocity
potential (volts)
open circult potential

plasmi temperature equivalent potential
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emitter temperature equivalent potential
emitter sheath potential

collector sheath potential

a fraction in definition of C

/1 /AC

o= 1/155 for air

1 ~
eem’ ecC em

I /1

1C" €

[
Ith/ eem

dielectric constant q
spherical coordinate (in Appendix 0 = kTe/e)
mobility

electrical conductivity mhos/cm

time

work function (in Appendix B and C, § = potential)
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THE HYPERSONIC PLLASMA CONVERTER

Introduction

The operational principle of the hypersonie plasma generator has been discussod an detaos o ot |
(Reterence 1) of this two-part report, Brietly, the nose cone of o re-entry vehicle serves s o the rinon
cmitter of electrons, or a cathode (see Figure 1), These electrons are then conducted through the =hock
tontzed stream, nereased in kinetie energy by collisions, and collected over the relatively cool vebne
afterbody which s electrically insulated from the nose cone and which serves as an anode, or o codector,
A load contiected between the cathode and the anode within the vehicle completes the circurt. che g rator
has the basie teatures of a plasma thermocouple and, for its power output depends primarily onthe Targe
temperature and arca differences between ematter and collector, with the Kinetic energs ot the plasma

CLectrons s s energy source,

SHOCK IONIZED AIR

. INSULATOR
—
— COLLECTOR
—»
EMITTER /

Figare 1. Schematic of ASE Gone rator
In addition to the several references mentioned 1 Reterence 1, two more worhs (Relorenoe s 20 d 4)
have been published recently which deal with the ASP penerator, The first work summarizes the 1o points
ot both Reterence Dand the present report, The sccond work summarizos the progross report= of e aork
done by the ledtrical Pogineemng Department of the T ers=ity of New AMexico ona contract with Sanady .

Corporation starting Januarsy 1963 and ending June 14,



Theory

For a full treatment of the theory of the plasma generator the reader s referred to Reference 1 and
several references quoted therein,  We repeat briefly the salient potnts in its development, the space-
charge neutralized volt-ampere characteristics (V < 0, V. -emutter sheath potential) of the generator

en em

can be represented by Equation 5 from Reference 1, or,

= . C [th ' [1 m [
T ce e
vel— ) In (P -9 ) -Ir (1)
¢ I i L ¢c ¢C
cem 1¢
where
T - clectron temperature
®
[ - random eclectron current to collector
t ]
- random electron current to emitter
cem
l” - thermionice emission current
1
- random 1on current to emiutter
rem
Il - random 1on current to collector
&

9 .9 - work functions of emitter and collector respectively
8 <
r{r , v ,r ) -circult resistance (plasma, contact and load)

The open circurt voltage then becomes

. . L1y 5/
Voo sy g - (2)
e T In T\ Q(. v

wicere, there has been oroduced the notation of Wasmouth, Referonce 4 or

i
/ cem ec
vy =L/l
! el e
b=1 1
th' cem
\',[. = voltage cquinvalent of plasma electron temperature
IFor W > 0(e.g. §~1), Equation 2 changes to
em
Vo=V Pnsy eV Int/y g -8 (3)
oc Fem t ¢ IS
where \’,[, - voltage equivalent of emitter temperature.
¢m



The short circuit current, on the other hand, follows by setting V= A¢g = 0

L+ 4/8 - lSC
1 =V In|—p——— (4)
sc T 18+
5C
where ! - nondimensional current | /1,
sC sc’ th

For zero resistance, Equation 4 can be simplified to vield (Reference 4)

_th -
sc 1+f )

or, tf back cmission from the collector l;h 1s 1ncluded

8 It / " 6
Isc (lth lthm’“ /) (b)

It should be noted that the basic volt-ampere characteristics equation above has been derinved on the
basis of o rather unrealistic assumption of constant clectron temperature around the vehicle and o constant
clectron density,  As will be shown luter, the gas temperature in the flow field changes approximately
10 degrees while expanding over a 12-degree hemisphere cone,  Electron densities can decrease by as much
as three orders of magnitude from emutter to colicctor,  Furthermore, because of large currents
(20-130 aumps, mz) being duniped n the plasma jet, joule heating und Thompson effects may become prominent
in disturbing the plusma temperature distribution, These and other modifications necessary for refining the

ASE generator theory are discussed in detail in the Appendix,

Experiments

To very the analytical predictions of the hypersonie generator, an extensive set of experiments were
performed in the Sandia Corporation 160 kw plasma arc tunne’. The various model geometries used in the
plasma tunnels are shown an Figure 2,

A, Test Conditions

The average diameter of the models and of the plasma jet was 3/4 inch and 1-1/4 1inches, respectively,
The details of the flow field around an 5-6 model 1in the 160 kw plasma jet, with argon and air as the working
gases are presented graphically in Figures 3 through 7 and tabuliated in Tables [ and Il As observed from
this data, the average flow Mach number s 2, 5-3. 0 with mean energy inputs to the jet ot 5000 BTU/Lb for
argon and 12,000 BT['/lb for air (or mtrogen), The ambient pressure 1n the test chamber s of the order
of 7 mm { 0.01 atm) and stagnation pressures range from 0.06 to 0. 13 atm.  Figure 7 shows the cquilhibrium

and nonequilibrium calculations of the temperature in the jet for air at various energy inputs over a
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TABLE 1

Flectron Density in Argon Gas

Distance N n
(Axial) e n ¢/n
3000 BTU/Ib
-2
0 0.2 x 10" 107 6.2 x 10
. 4 , 16 , 5
0.125 5.2 x 10 3,75 x 10 1,39 x 10
. , 14 16 A -3
0.207 3.7 x 10 1.78 x 10 2,08 x 10
0,750 3.75 x 1047 1,77 x 10'° 2 12 x 107
5500 BTU/Ib
£, (‘ -
0 8 35 x 107 6.8 x 10" P2 x 107t
2 t5 -
0.125 55 x 10" 2,02 x 10'° 2 7x10 "
16 s
0.210 6 3 x 107 1.06 x 10~ 5.95 x 10
, 14 15 . -
0. 750 5.5 x 10 9,00 x 10 6.1 x 10
8000 BTU/1b
15 6 =
0 1.15x 10" 198 1000 2058 107
_ , 15 16 . -1
0.125 3.05 x 10 1.4 x 10 216 x 10
0.207 30 x 10" 5.8 % 1007 519 x 107}
0. 750 10t 5 28 100 192 % 107!



Distance
(Axial)

o O QO

125
207
750

125
207

. 750

125
207

. 750

w o o

TABLE I1

Electron Density in Air

n
€ S B
8, 000 BTU/lb
) 16
15y 1018 6.4 x 10
()
.25 x 101“ 2.9 x 101(3
.48 % 1012 1.25 x 1016
08 x 1012 114 x 10"
12, 000 BTU/1b
58 x 10 6.0 x 100
4 6
03 x 10" 2,35 x 10
a3 x 1003 1,20 x 109
16 x 10'? 1,08 x 10
14, 000 BTU/Ib
.05 x lO14 6.8 x 1016
07 x 10t} 2.7 x 1080
05 x 100" 135 x 10'°
) .
66 x 1013 124 x 10"

[ £+

5N o o}

[£%]

L2 x 10

-]
~

[
<

.9x10"s
L0 x 10
.3 x 107

19



blunted cone (12-degree included angle) model, Kinetic temperatures are scen to fall by 40 porcent tor

low-cnergy inputs and 25 percent for high-encergy mputs i the equilibrivm-flow calculations. These calues
are high by about 15-20 percent when they are compared to more realistic nonequibibrium caloulations,

Some of the latter were extrapolated dircctly from TRW/STL Laboratories, using calculations applicd to pro-

totype fhight conditions (see Figure 8). Corresponding drops 1inoontzation levels e grven an Tables Toand 1L

15
10
0
Q
1)
L
5
VU
w0
— 5 & Nitrogen o0 = 20 mho ¢m
O Argon o0 =100 mho ¢m
0 T T T T l
a 4 8 12 16 20
2
A(‘m(cm )

Frgure 8. Short-Circu © C arrent Versus omatter Area tor Two Valoos of Tileot o
Runs made in Argon Gas with D000 BTU T Tne res,  ond Nitrogen ot
12,600 BTU /1L

P

B Parameters Influencing Generator Output

The detaled theoretica]l analysos mvade i Rotoroncs oo ond ) and o the Appendis ot this ropors

show i sct of parameters that govern the output ot the plasn gone rator indepondertie ad o colbestie]

These may be listed as toilow s

I, boontter Area -- (0 Y= directhy proportiond to the the e
: = i

Dashman formula

)

)
llh (constant) :\”“ '™ exp f - T

o

and hence deteprmines the mognitude of short circuat current output accordony to b opation



20 Lotter to Collector Area Ratio -- (i = A "

— —_— = S — t

A ) s proportional to the atio ol 1ondom e tron
¢

curtent gt the cmatter to that at the collector, In Bquation 2 thias parameter acts Ttk oorosistanioe

o Emitter and Collector Surface 'l‘t'mj)vr.tl ires -- (1 o ) lectron cmassron s dire ot
= = — e —— = —— ¢ — ———— e ¢
proportional to surface temperature according to the Richardson-Dushimoe caation abose o braome boaaation b
ot o note that T » > 0 for munimum back emission,
v ¢
. Kietic Temperature in Plasma == (1 ) is the very source of the gonorator cne s bojuations 2
—_— B B S
id 3 show the open circutt oltage to be directly proportional to the «loctron tompe ratare Toand to depend
.

logarithimically on the degrec of 1omzation ain the plasmae which s also o direct tunction ot ]

L) Degrec of fonization - (0 i ) determines the power output divectho tharoagh o topn b gqaation )

——————— - — ¢t o

sndondirecthy by neutralizing the space charge created by the emission cocotron clesd ot e o abods [tis

proportional to the gas pressure and temperature,

A0C) Plasma Resistance -- (e ) limats the effective length of the collector and consoque it bas o
S p
direct hearing on reducing the mcereased short circult current output brought about by oo ase o seioc e

Il P [ L
' b CIn

5., Contact or Internal Resistance -- Pither resistonce 1s o -agmidicant constituen? to the tatal
generator internal impedance tor the plasma jet scale models, Tt occurs pronorils ot the colloctor -ro-sting

contect poimnt (sce Firgure 2a),

b, Fmatter and Collector Material -- These govern the output through two tactors tha work tun: tion,
which i turn governs the eledtron enmission rate and under proper conditions oo supply o= ooa’ o= 1) volts
through @ - @ n Equation |, and the cledtrical properties which contribute to the totul v el tinp e donee

[ S

ot the generator. Because the ASE s o low- oltage, hagh-current device, the ainternad anpe donc e =hoald b

kept minimal,

[t 1s obvious that there as o strong interdope nde nce among the vatious patamete rs iisted aboe
Porosampl -, o fivorable eftect expected by oo change o one paraanetor mught cause an adverse ottect on
another The follow g experimental results show these various ettects, and with the theorotic o prodic tions,

cat lead one to establish optimum working conditions tor the hvpersonte plasma generator
€. xpervmental Results

The results reportod here were collected durimg o o vear ain Sandie Corporation's 160 kw poasima ot
faocihity . Final expernments are now under way an the T-mw foohity with barger models to stads oo groatey

detanl the cttoedts of parameters and 2,

1. Fmitter Area -- Table T hists the vartous stzes of emitte rs and collectors used  The ooty
)
arcas vars between 008 and 250 0 and 4 varies between Tand 0,080 A= prodicted trom Fogaation i the
short circmt current shows a hincar dependence of [0 on the cmitter aren (Figure 8) \Vccording to
S5t

Fauation 4, this hinear dependenco should change as the plasma resistance hecomoes signiticant ”l 0,01 obim)
H
This eftect was noticed clearly mitrogen, but was insigmificant 1o argon because ob the bigh degreoe ot
tontzation in the latter, Because of the lrmited s1ze of the jet and conscquently of the models, onls Mrpedsa®
were obtuimned i nitrogen gas represented by the dotted hines o Fogure 8 The open-ciro ut voltage ~howed o
}

dependence onthe cmatter area as predicted from Equation 200 Fugure VP oompares outputs from two geo

mcttcally saddar models with different emitter areas

[
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Power 1n watts

TABLE. T

Model Dimensions

Fomitter Area Collector Area
l]mhi - _7(12;3); (mJ)
S-0 0, 85 O, 84
and 1.70 9, 42
t'-0 1. 0! u g2
. IH} Pyrographite 0y
U-10 Same 9. 5
S-10 0. 70 4,
S 30 0. 86 0. b4
2. 48 24
S-6 1. 30 1h, no
— O
~0
6 - pd I N - 3
/ Legend \
é 0 S-30°-2
5] / A S-30° -1 \
/O AU(Z) 'Ae(]) =2.50 0.90 \
C / Argon at 5000 810 .h \
4 ‘\\ — 2
\\ N / SN \
\ N \ \
\ A<o ° \
3 4 A/A/ N \
[AS \
/ ~ \
TN N AN -
2 9 a \ -
/[ (1) \
~_ \
/ \ ~
1 - N\ \ N \
\ N
N
0 T T T e T T T O 0
0 2 4 6 8 10 12 14
Current 1n amperes
Prgure 0 Outpat from Geometrically Sinmbar Mode s wath Dutter oy mter Nre o=

Potential 1in volts



2. Fmutter to Collector Area Ratio -- A large number of runs were mmade to determine the otfect of (4

on power output, especially on the short-circumnt current Figure 8 shows this offoct grapbae oy Inogeneral,
the trend follow s theoretical predictions, however, for most models the ctfcct of flow separation over the
model afterbody, the contact resistance between sting and collector (sce Prgure 2a), and the plasma resist-

ance becoming effective for 32 0.2, could not be identified separatels and, conscquently, anoffective /4= (3!

best for

-1
lth (1)

"wetted™ collector areas only.,  These were deternined visualls by observing detachment and reattachiment

was used to correlate data, For neghigible r; and r , the data f1t the curve I
) ¢

points and collector surface glow,  For increasing plasma resistance te g air and nitrogen runs) the points
onl vs A curve fell below the respective ( hines, indicating the offect of ¢ 0 This point o discussed in
sC em )

greater detarl below, under 4(c).

3. Ematter and Collector Surface Temperature -- These temperatures were measurcd with o two-

color pyrometer attached to a recording chart. When the arc jet glow overshadowed surtuce color tempera-
tures, the jet was turned off instantaneously and the surface temperature estimated trom the time -tompe rature
decay histors, with an accuracy within # 1000('. Depending on the wre jet energy and model materiod, averags
values of ’l".m varted between 2300 and 32000(', Stagnation point temperatures exceeded HogRdlon sharp

cone models (Frgure 20), This temperature was deduced from observing melting tungsten, I" was less than
]._‘l)i)“( fur 5-0 models (see Figure 2), about 150()0(' for model S-6 surtaces, and 18000(' for ~-30 models,
Bk cmssion from the collector becomes sigmfie oo tor T 2 0.8, Maximum tested cone angies were

el e
0 S - . -
307 with I < 0.7, Figure 10 shows the output for four geometries having comparable A TR
¢ oem ¢ .
Hommerhead geometries are shown to reduce output because of reduced effective S arising trom {flow sepa-
ration, A (1 - ) for 5-30 was twice that of 5-10 with o shightly Tower output, probably because of consider-
o

able back emission from the S-30 and very large (338 1. 0).

A(a). Kimetic Temperature in Plasma =- Accurate estunates of this parameter were difficult to mahke,

Calorimetric and pitot pressure studies (Reference 68) combined with spectrographic estimates (Reteronce 7)
gave values of 12, 000K clectron temperatures at the stagnation point of the ASE vehicle 1t 5000 3t b
argon gas, lnoair, stugnation temperatures were estimated at 7500°K for 12,000 BTU/IL energy input
Unfortunately, no spectrographic results are avatlable at present to check this magmtude which may be
somewhat optimistic, Figure 7 gives plots of 'l‘l‘ over an S-6 shape model for air, using both « quihibrium
and nonequibibriuwm reaction calculations  The maximum temperature drop from stagnation poimnt to ofterbods

15 of the order T ~ 0,5,
o)

To estimate open-circutt voltage salues under optimum run conditions, which an argon would corre -

spond to \',l, 1 ev, 5 = 1/293, and in aar \"l" = 0.7 v, 5 - 1/155, the following table s obtained

TABLE TV

Open=-Circeunt Voltage

o Argon o
W {(volts) \ (volts)
A O S— ¢ OO -
. 0.10 3,42 0.10 1,92
eI
(Fq. 2) 0,01 1. 37 0,01 0. 67
0 0.10 6,51 0.10 4, &2
em
(Fq. 3) 0. 01 5. 95 0. 01 203



12 ] Legend

Power output 1n watts

Argon gas at 5000 BTU/Ib energy

0 Model S-6
] a Model U-10

& Model S-30
T v Model U-10

1

1

f

/

Y
#

T T T T =T T T T T T T T 1 |
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Current in amps

Frgure 100 Prowar Output tor b arious Model Gooretr o i C oot Do b ore gl



A asured values inargon averaged about 303 volts with the exception of o valac of 4 4 Coits 1opgastered

with model tip flush with nozzle exit where \"I’ might have heen closer to T34 ey (T ey stagnation po.n® tem-

peraturos were measured at a point Tinch downstream of nozzle exit wbere most o the tests wore 1)

This tndicates that the emtter sheath was posstbly negative .V note of caution, howesver  Fopaations 2
em
and 3 ere based on the assumprion Toas the samo at both e natter and collector Por T LA AENEN
@ el i
possible to obtom 4 volts open-aircurt voltage with 0 and 8 0.1 sce Appendin) o Corresponday
t
Measurements el gase optimum values of 1,9 to 2.3 volts open cirouit,
HOY O Degree ot fonization - - From abosve values ot | (Tabtes T and 1), the percent yonization i the
- - - — L
gas round the ASE model can be summed up, In section Ha) above vidues of 5 were hased o complete
Chatge neatralizcd tlow conditions [his, however, was not the case tor ol test conditions, as was ovident
trom special sceded gas tuns where saaues of 'V mereased by 1oy to 25 peroent, depending on energs anput,
(818
ind | by s much as 100 percont {soc Table VT helow),
i)
TABLE VY
Output with ard without Seeding
17 K CO, Added
o e ed & i
Fnergy o -
_ patd & \ 1 \ [
(ras Bl oL e =t Ot 5¢
5,000 1.4 14,0 4y & 18,0
Argon . . .
ik 1,500 2.5 10, 0 15. 0
14, 000 1.15H 1.0 1.55 )
Nitrogen - .
B 12, 000 1. 20 5.0 1,50 b4
Two tipes of seod material were used, KCLand K¢ ()‘, Becanse of the electronegative propertios ot
NCL where N seeded gave 10 percent lower values than Vo -no secd, the KOL was discarded, }\')( ()‘
(918 (B} I~

powder wos tod downstream ot the arc ot the rate of T gm i, o1 o maximum of 1 percent by werght of the
gas tnass tHlow,  The offe ot ol Jornzation on short-aircuit carrent output 1s turther allustrated in Figures 11
md L2 whero, noaddition to secding, special runs are shown which weore made with various mass ratios of

V=N gass Bagure L on the other hand, compares runs noargon, war and nitrogen on the same model nd

comparable cnergy anputs, with maximum output decreasing from 13 watts to 3 watts, respectively,

dro). Plasma Resistance 100 - - Reterrig to Eguation 4, the short-circutt current s seen to deperad
R B &
o the plasmic resistance through the trrm ¢ I one assumes 1 to be represented by
1 I. o
alt
o

[
T



1

(amperes)

SC

a Run't E -5000 5110
3 o Run2 E -3000 1110/lb
o0 Run3d E -5000 411 /1L
™
= £
x 2 - !
o) /
!
2 /
- /
/
/
1 o
/
/
4
//
T
0 T = T Q T 1
100 N 507 1007 Argon

2

Poogare 11, Pregrec of toracation on Shor Care at Coarpent Outpat,
Vigon-Nitrogen Nastur e

18 Legend +
A - Argon //
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Power output 1n watts

Legend
l O Argon Gas at 5000 511 o, Run [X-5
N
o] ~ a Nitrogen Gas at 13000101 1, Run [X-9
12 4 / \\
4 P N O Air at 13000 1311 (i, Run 1X-8
/ N
;‘f \\ Model type S-6

Coots)

.

0 2 4 (1] H 110 12 14 16
Current 1n amperes
Pavere oo pPower Ouwpat and V=T Ol ot rastoo = ot Son Aodelan Araon, Nitroper ond Ay



I mutter 1oodioas o)
plasma conductivaty mhos o

¢ some traction fess thoone, depending on tiajoctary

boodtton by tewpatten

(G /n S0 ()
St s o —= i
% 6 . /{l
5¢
Aot ( a “l'l 0\'[ Ppaations o and 7 oare plotted s Faopare T s cboarly seonothat tor o ver [
Saoshiort crrcutt carrent talls bhelow thae o O tor a « ) value b plasima resistonce os i luded I'ba
il
rstant resistance carves show g soentticant reduction an short oo toud curront tor a4 [v ot o

sl i a dow plasma conductovits or larpor clectton trajectory felf) s s less s seen frae o

( to bor o I 1os the curves oo bagare T4 Lie about 5 porcent below the 1 2998 curne s [ ron

o tions e ad by 0 ot was est o ated s 100 snhio Cnard 5 it o= 20 b For o 10 o
ctlectve eledtron frajectory this corresponds to :l’ O Yol and O 4 onn, 1o spectae by It ore compares
e 0 output oargorn and oo tor oo geeen 5 and R ' (lok P90 0BaY © & ‘g, Caird, This ddttere nce oS b bie Cag

ro result partially trom rodaced the rnmaonae coassion an aag as compatyd to g gon becanse ot poassibie Tack

ol charge no dralization o the tormer Glonnzation o argoncis o tactor ot 1O gre ster than o o) and partiadls

thcause ot or For example tor R 1 ¢, ¢ 0 2 I' tarpon) 2] At g 100 o 200 L 10
t

p ! 1 \ ail !

N I 0 7 thern € ( 0 24 View set ot espreramiends presontle wndor o was b Sandoa P lasoa
argor alt

Foboratory T omw tacaility witho mmode ] sizes 2o 10O e s Jonper o those used o the 100 kw fac 1ot anall

vhabile us to deter e thas o oot it g ater ot e, ey b fow) Sevetal oroans warh cnslator fogr s
carting betweonn 0 2 to 2 0 inche s i argon andoc ated o Sapnatic o b gt » o Gutpt Tr ot opet
Y
ot the other hand, there aas observed o by perorn poduerion oy abtre s tsalator e ngtt o w s e pease o Lo
S

20 inehtol D achae s tor a bined cortact oS tanoe
t

oot ontact He sistancr - N barge te sttt 1 aas trodicod trom the contact pocts b taa e
cimntter and the pick-up tod and betacon tho colls ctor and the sty e sapported the mode band served
o connector or carrvange carrent toosternad boad, These sl s ao e mnanazed by s cadian, solde
stivch melted upon heating and made o biguad contacct o TP =Hue - o bigoad tne tal adbos o the two conta!
points. Ahnimum valacs of 1o were ot order 00 ol and obte s b as 00 oho, Moo poacr outpuat

t

petoo oty occurred ot x[ (3,2 ohirn, andicating o possihlo oo 0,2 olun nder corad tioncs ol optimuam
l) \

e nol impedance control, Mush more reliable alae s are torthicomnng e Loy soabe s mmode D tests now

iade rwas an the 1 oanw ool
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b Moateraals - Table VT hists the type of matertals used as cmatters, nsulators, ond collectors,

TABLE VI

Model Materials

Latter ~ Collector __Insulstor

VI praplhate AT graphite Boron mtrid
Pvrolitic graphite Pyrolitie graphite AL, O, w967
P'henolic carbon PPhenolic carbon b
Tunpston Tungsten BN 785
Toantdum Tantalum \13()1 * O v olume
Zirconum-carbide o Niobium pereent Mo
graphite, cutectic AMolhvbdenum

Ch - 10 W-2 5, Zr \13().‘ + $volume

i'a - 10W percent W

Mo - 0.5, Ty - 0,08, /Zr

%
A spectal porous insualator developed by Battolbe Memor nad Institute,

Columbus, Obhao,

I'tie fundamontal cheracteristies required i emitter and collector materials oo pencral thermd
tesistance and mechanteal integrity, pood electrical conduc tivity and Tow thermionie work functions,  Of the se
thre o, oxperunents showed the Jast two to be the Teast important because hittle could be done to presory,

oo antegrity n the highly recetive atmesphere of o dissociated-ontzed arrs Most retractory metals
tormned lgh resistance oxtde Lasers on the collector and lost powe r output after 15 scconds of run timee,
Flis w » 0ot the case with S=30 models with 1800-2000°C surtace t mperatures where oxides beo ome
cobotbe, Phenolic impregnated with graphite had hagher olectrie resistance than pure graphite and gase
f0 porcent of the output obtancd trom graphite models (see "Optomum Resalta®™ bholow), The be st output was
obtained i g graphite (coantter) - TZN (collector) model primarily becauso of pood collector-to-stimg contact
snd volatile oxide s, Pyrolitie graphite emitters produced o unttorm crnission but the a-direction conductinat,

ofte red resistance as high as phenolic carbon,

Fhe tnsualotors were chosen primarily tor good thermal shock propertics, OF these BAI-T8) rankod
st followed by boron nitride and V1 ‘(){ + O opercent mobyvbdenum dispersion The porous notuare of this

tirst made ot ditticult to keop close mechamcoal tolerances and henee the Last two were ascd most ostonsivels
D Optumum Results

Dot rodus toon showe d blutded cone cmtters (0, 23-1mch contter radius) tollowed by 0 =10" Conne al
trorbody, 3« 0010 and graphitc or tungsten surtaces to sield the highest oatpat (Figures 1o and o),
Focares 1218 ropresont samples ol outputs graphicalls . The solid hine s re curve fits usang oguation 1 owath

B 0.1, 5 Cirgon) 1298, 4 (ar) - 1 150 and & 0,00 10 1, 0,

i



Power output (watts)
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Figure 15, Output Data for (3= 0,15, Vo = Lev, 4= 0,1 from 5-6 Tungsten Model
in Argon at 5000 BTU/1b
Legend
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Figure 16, PPower Levels from Various Models Showing the Effect of Argon Gas Fnergy on Output
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Cutput voltage V (volts)
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Figure 14, Fttect of Contact Resistance betwoon Pyrolitic Graphite Shell and

Carbon Substrate on Output



simdsed (sec Reterence
oo dand rlor ¢ ) an Fugure 1Y,
1Y

[

Croce et there s not cnough rebiable data for v to allow o dircet experimental check of Fagure 1o
P

trends, however, arean the expected direction as observed an Figures T3-19, and e specially i

where s o "effective™ vala

tuking into account roand r .
’) &

Mastmum short-circuit current measured was 24 amps over o hemispheric emitter R

Vocording to the Richardson-Dushiman equation

)

l ' T expl- e KT

th e b ¢¢-( em
this shouid vield l’h T8 for (! 120, However, if one assumes T

t cn
vwle and assumes o parabolic temperature drop from stagnation pomnt #
)
§ 3250 - 200 87, the above vquation vields
(S )

N Y )

1 =240 =R 17
th v

o
1G9} e - I
, (8} exp - 9) smeds

orn

<

or | 27 amps,

rials both an argon and in aar,
TABLE VI
Arca

Optimum Output per banitter

.\LS‘_’“_(:—" E)()() H'l»l"élh) )
Maxtmurn

I

sS4 \ Frower
) i1 0
Viodel _ Materal amp, H'l_h Lolts waltts m:
S-h Graphite 31 §,20 1H
(12 blunted cone) (emtter, collector)
30,15
Prhenolic 15 {25 8
carbon
cinitter,
graphite
collector
N- so” Tungsten 21 {0 7
HRV (emutter, collector)
shap
It Iy & PP henolic -- .- --

carbon

(¢« mitter, collector)

For plasma densities encountered inoa plasma jet 8 = 001,

on s seen to ncrease as 3 decreasces (or as the collector s1ze increases),

to be a function ot 4,

(See also Fagure

thie

0to 8 rid or

Vir (12,000 1t

IN \
) (B ]]
'”'l'-”'-, volts
1.0 1,9
.0 1.0
400 1.7
iy 1,4

Fagurs

14,

The

azimuthal

Table VI sumimarizes the optumum output per ematter area with soveral ddters nt mate -

1)
LN

e

1y

1) and plotted as o function 8 {(thermionic to random «lectron ratio) for various

S8t 3250°K

The effect

[rowed

Wotts

)

it

)
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Peottings e obvious trom dabae VI L orst plonone o 1hon os oo to v e ot i e rce 1t

botb sbort cure irrent of graphite and b0 percont b thie power oatpul Wt no o signalicant choinge an

perccre ot e The totmer two show the olle U or g Ctmpedancos ofte red by the oo e and th
T poand s tothie bact that deponds prooc vdy oncthe pooosins cnergy s Second, comparaae the s-n shap
[}
L)
aath oy o us T tane SN- 40 sharp core ode Dwath 4 I, it o~ v sy to soe low o darye colloector-to ittt

re e teo e L) e cts ontpat s the o sc ol arpan, Howesor, thas 1 ctio s o than compr sated tor

oo e case ol considerably Tower plaosmc condactioity of the patte

[he tobe st short carcat curtent pocorded todate o argon was 28 amps Ol Ctt ot a and the

]
)

Ll =t open-carec it voltage s bbb wolts Dnoaan, these vadues wore S amp 1 and 203 volts, tosprctingd
Bepedtabilits ot s tor adentical mnodedbs were poverned cbactlhy by orenadnbite of consocatave 1o 1 the
Prac st ot o repe ctabaiity ol contact rosistance, Loder b st conditions o! Control tepe dtabibaty varaed

etween L0 and 2o e rcernt. Whencontact s sistance was unde o closc control loa o et peietnlite woas

Coauscd proeoonls by cdledtrode crosuon,

Freo Flhight ¢ onditions

Ita= dittoc dt to assoss the oxact raonge of applicabilite of plasmae et oxperime nts to trec thight conda-
tions where the o is shock totzod and has comparatieoiy Towor hnetic temperature s than *hose toand an o
are Joty bagure 20 0= ooplot of clectron tomper stures and dogroe ol sotzation ocer o a-tne b dianeter blunt
Bemtsphore ovhinde roon o ro-ontey trajoctors with 22,4907 1t scc re-ontey cotooite, Hotweon alttude s of
2H0 to 100 rijotect o phenolic carbon cmmitter coanc be anade to sicnd o eevanea o T anp s short it
cartent wath 20 volts open-arrcutt voltage (o watts ) by diro oty scaling-up the plasma et dato obtianed
i Nccording to bagure 21 however, electron conduactoatie s o the boundary Laver e not cspocte d 1o
cxnceod 100 mibio [ plasia resistance over cnetboctive cloctron path ot oy oarche = wall then beoot Te st
0.1 ohn, redacme the vehicle output to 20 watts, Phis will toquorc mncrcasmng the voituge o dput to dioe
the Large b rooonoc carrents by cther dividing the surtace mnto sevoral cnitter colloctor pairs or asiny
Supersate cate s sty speeds Ponerating H-10 L olts opr e carcmt voltape, bather of these noothods wd
Couse the oatpat ol tull-size o -y vehc e (3. 0-00 duaeter ) tobe L hkw or mnore B ca s of bagh re
caombinat ot~ no o Hpt o unprecte d Becow 50 000 teer ttnde Gnde ss S0 tor s o s dirgr 1S used
trom the oss O Purthepmore, bagh prossure oo the stapnation port! as cxpectod tonbobat ther oon

crnassoor by bactor ARG - e anc tre path gt cepirte 1owall)

Foature \Work

Sote ob e resalts reported bere arc not set binad, YV sct ol plasma tests an o Larper (2 2t
dianter) ot e oxpectod to v bd more reliable resualts oncthe combined cttects of oo s collector and
contter e o= ond the peby Tonpgthomng overage clectron paths trom emittor to collector bat st holding o
tact posistanor ta g nonimutn, From tiends obtained to date atas exprcted that incrcased v does ot l,. will

Slowly decre st [” versus vV carves (Frgure 8),
i ¢
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Several runs will also be made with cesium impregnated tungsten cotters to simulate in-flight
seeding conditions, and a new set of heat resistant carbide surfaces will be tested, Fainally, models have
been desgned with two enmuatter-collector pairs to evaluate the Min-scries™ hehavior of sudch o generator,

Fhese results will be given ain a separate report before the end of the year,

19- 40



APPENDIN

Fhroc anadstical points wall be discussed briefly an thes Appendis: the sheath potentials ot the cnntter

cnd ollector, the etfoct of joule heating and Thompson emt in the plasma generated by the Larpe currents

durped ato it from e utted eloctrons, ar Phagh density plasima sheaths wath muass velocity,

\. Note o and v
o <

[n Reterence 1, Fguation 3 for the current flow at the cmitter s writton as

o\
Cin
- 'X - - gl Y Jern al . ote nti. V-l
! l”1 ’ l“.m lm-m(\l)< KT | > tor negative \'m( ero plasima potential) )
t
vnd
. \
| i exp - AL | tor positive V (\-2)
th ! N cem pos om
e
From baguation \-1, solving for V
em
|
M 1 [ [ m
t ot
\’ = In|—-——
e B I vl o
L th em
(A-3)
K [ - KT
lt 1 [ “( l‘ ‘/ ol
LY 5 S -
¢ J ! -0 2 i
L th 1em «
Sonndarty ot the collector, tor Vo< o
8
k'l“l_)[ “1'2" k'l‘l".f
\( P R Zrm (b
e «
Paking into cccount the resistive drop an the cell, the net voltage of the generator becomes
A N R UL I O {A-5)
cin ¢ ¢ v



s Lo trom thas cquation that tor 0( - 9(. 0. the barricr potentiads ot the cathode and the anode are ot

REIORLY portace. Tooking at Fquations A-3 and A-+4 above, 1t becomes obyvious that for T-~2‘ l‘v] , \'(

e crcase st Teast proportionally to o deercase an ’[‘:-l' \ctually, the decrease \'(‘ 15 proportional to
Cofen L Ford 0 for example, T 9000k (T, - 12, 000°K) 1n argon, v (1000) = 0,57 V' (12, 000),

cre honld dso note that .l“_m 15 1n general larger than .l“‘ by o factor proportionad to collector-to-cmitter
too 148

Lhe cquivalent aexpression to Lquation b, owath I | > T s
. .

1 'll
[I ’ ‘,La - I]
Y e
v v [” _)4_.6.4 ! E oy - ¢ - IR (A-0)
! 1 1+ 9,8 -1 ¢ ¢
b 48 v
atore | T | I, and subscmpt Land 2 refer to plasma conditions at cimitter and collector respectively,
I [ -

B Hhermoclectne Bfedts ina Joule-Heated Plasma

N Hern (Rcterence 8) and F S0 Hall (Reteronce 9) have analyzed the thermoeleotrie effects an fully

ot cod Joule heated plasmas, Tt as o straghtforward method to extend the analysis to the case of partially

Assume i =0 and nooneutrals, Neglecting inertia terms the cquation of motion for
ol

oo d gase s,
o

cledtrons, according to Cowhing (Reference 10), leads to,

. .- - - -1
0 -Cp -nelb-mm v - nm {\ sy (v n/n )}r (B-1)
[ { t 1 o t
and for ons
(-1 d v TR GO T (13-2)
Yot l)l et J 2o ‘ll -
i 1
where
-1
t Il *nn
o
- ey ‘
J A

\ the velocity of the mass as o whole

T time between successive collisions

I'he rest of the notation 1s conventional,



Vdding Fguations -1 and B-2,

m m m
1 @D © f_l ¢ n
y 2 — ) - == .
Cl v or J J[ vr Jer
t }

substituting for ) in the electron equation, vields
1

m thm
t Lo
eT m Jer o voor
e & [ 1 v - .
nel. + [ 1 -1 cp - —— 1) . (13- 3)
m m e CToom t
( 1
e — - +
cr 207 oT 2¢r
[N 1 e !
For m m << 1 Equation B-4 simplifies to
(N 1
m
- ¢ =
nekbklvep s — ) (13-+)
v v

From herc on we follow Rynn (Reference 8) and write the current and encrgy equations for one dimensional

motion

s =gl bo-d—g
J dx
0 - cgbl. - doY -;—j-g (13-5)
ay

.
to) o
c_lc_
RS

KT . . )
where 8 — and the rest of the terms are wdentical to those of Retorence 8, except for the cddittonad torm
.

d\ d
on the right of the third cquation,  Integrating this equation and setting ¢ 0,8 4 (

3 - - 0
SIS dx 7 odx

Q- -J(Q Yot - 18)
O

oL

-4 - 18) f

Substituting these values an the tirst two equations of B-5 and introducing the new varable o0 W8, the

following cquation 1s obtained

de c - {n-1{)
e B m—a— - (13-t
9 n(n-f)-frn*h(n-f)]'ddn )




Popantvon s antter =~ 0 that ot Ry ondy 0 the wdditions o onst ot v 20 The salatean ottt
Copeation s e s oo quadrature an References 8 oad U where the thermocleotise oltects are stiown to shew
the vocctton temperature distobution towards the cathode, Tlewis arnd Reatz (Rotoronce THy codoulate the
mcte s nclectron tomperature by joule heating and for 50 .anp o mJ carrent fosols 0,00 mn My ol crron
pro-=are s and i()l)()“}\ titial temperature, obtain a value ot I‘(‘ - tiU()()“l\ Ior Ooamp <'m‘f chcountered on
the prescnt ASE genvrators, the rise of these emitter clectron temperature s o= not mote thate oo toa hundred

e 0 .
degrec s and tor are et plasma temperatures, Ul 12,000 KN, 1tas neghieahoe aond actualls s coomoutloge d
i .

by collisions with the crergetio plasma clectrons,
C. Hhgh Densaty Plasma Sheaths wath Mass Motion

With gas densities op to U0 1 atmosphero, neatral gas atoms e acdroe poths Ao RO (] mode ! bods

don nston) and mass velooities o= 15,000t scee, 1t pmperative tor one to tahe oot coretal Took st the

plesm o barreers and ton arrnal rates with increased mass volocities ) Lot the cdectrodes 0 L o)

i ¢
Incoliisonless plasmas, anantial velocity of 60t tosce i the 1tons (soo Heterenoo 1) Bguation B8- 11 wall
Cotse 2o peraont reductionan cledtron cmmssion, Howeser, o didtusion controbled plasmocs s sach oo dire ot
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